The cell cycle of neurons remains suppressed to maintain the state of differentiation and aberrant cell cycle reentry results in loss of neurons, which is a feature in neurodegenerative disorders like Alzheimer's disease (AD). Present studies revealed that the expression of microRNA 34a (miR-34a) needs to be optimal in neurons, as an aberrant increase or decrease in its expression causes apoptosis. miR-34a keeps the neuronal cell cycle under check by preventing the expression of cyclin D1 and promotes cell cycle arrest. Neurotoxic amyloid ␤ 1-42 peptide (A␤ 42 ) treatment of cortical neurons suppressed miR-34a, resulting in unscheduled cell cycle reentry, which resulted in apoptosis. The repression of miR-34a was a result of degradation of TAp73, which was mediated by aberrant activation of the MEK extracellular signal-regulated kinase (ERK) pathway by A␤ 42 . A significant decrease in miR-34a and TAp73 was observed in the cortex of a transgenic (Tg) mouse model of AD, which correlated well with cell cycle reentry observed in the neurons of these animals. Importantly, the overexpression of TAp73␣ and miR-34a reversed cell cyclerelated neuronal apoptosis (CRNA). These studies provide novel insights into how modulation of neuronal cell cycle machinery may lead to neurodegeneration and may contribute to the understanding of disorders like AD.
N
eurons exit the cell cycle upon terminal differentiation, and their cell cycle remains suppressed to maintain the state of differentiation. There is substantial evidence which indicates that neurons can reenter the cell cycle and also undergo DNA replication. However, this attempt, which typically may occur in response to neurotoxic insults like beta amyloid peptide A␤ 42 and DNA-damaging agents, leads to neuronal death but not mitosis (1) (2) (3) (4) . The role of several cell cycle proteins seems to be distinct from the cell cycle in neurons. G 1 -S transition in the mammalian cell cycle is initiated as a result of production of D-type cyclins, which complex with their cognate partner cdk4/6. Cyclin D-cdk4/ 6-mediated phosphorylation of Rb causes its dissociation from E2F, resulting in its transcriptional activation (5) . E2F transcribes genes like the cyclin E gene, which are important for S-phase progression. In terminally differentiated neurons, this pathway remains largely shut down. The process of neuronal differentiation is dependent on Rb, as its knockout results in dedifferentiation and cell cycle reentry (6) in an E2F-1-dependent manner (7) , indicating that it is critical for the cell cycle machinery to remain suppressed for the health of the neuron.
Although the link between neuronal cell cycle reentry has been reported for several neurodegenerative disorders (8) , it is best studied for Alzheimer's disease (AD) (8, 9) . Several lines of evidence implicate aberrant cell cycle reentry of neurons in the brains of AD patients, which may contribute to neuronal loss (10, 11) . Studies on various in vitro and animal models of neurodegenerative disorders like AD indicate that the enhanced expression of cell cycle genes and DNA replication may precede cell death (12) (13) (14) . In response to neurotoxic insults like amyloid peptide A␤ 42 , the aberrant expression of cell cycle proteins like cyclins facilitates cell cycle reentry (15) (16) (17) . In this context, cyclin D1 seems to play an important role in cell cycle-related neuronal apoptosis (CRNA), as its increased expression by A␤ 42 or DNA-damaging agents triggers this process (12, 16, 18) . In addition, cyclin D1 is highly expressed in neurons of patients with mild cognitive impairment (MCI) and AD, which undergo CRNA (11) . Recently, we have demonstrated that A␤ 42 causes aberrant activation of the MEKextracellular signal-regulated kinase (ERK) pathway, which leads to cyclin D1 overproduction, resulting in CRNA. Cyclin D1 overproduction abrogates interaction between p35 and cdk5, causing decreased p35-cdk5 activity, which may contribute to CRNA (12) .
MicroRNAs (miRNAs), which are a subclass of noncoding RNAs, regulate the expression of genes in most mammalian cells, including neurons. miRNAs contribute significantly to nervous system development, and several miRNAs are dysregulated in neurodegenerative disorders like AD (19) (20) (21) . However, it is largely unclear how miRNAs regulate or suppress the cell cycle of neurons and thereby prevent their reentry into the cell cycle. While cell cycle regulators seem to perform dual functions in neuronal differentiation and neurodegeneration, how their expression may be modulated in the two situations is poorly understood. We investigated the involvement of miRNA 34a (miR-34a), which is expressed at high levels in the brain (22) , in these processes. miR-34a is regulated by p53, and its ectopic expression mimics several p53 effects in a cell-dependent manner (23, 24) . In neurons, miR-34a is regulated by p73 isoform TAp73 during neuronal differentiation, and its inhibition prevents neurite outgrowth (25, 26) . However, the role of miR-34a in the neuronal cell cycle is poorly understood. The balance between the TAp73 and ⌬Np73 regulates cell fate. TAp73 Ϫ/Ϫ (27) as well as ⌬Np73 Ϫ/Ϫ (28) mice exhibit brain defects like hippocampal dysgenesis, genomic instability, and neurodegeneration. Despite this information, how TAp73 isoforms regulate neuronal functions is also largely unclear.
We demonstrate that miR-34a prevents cell cycle reentry and suppresses the neuronal cell cycle by targeting cyclin D1. Further-more, miR-34a expression was significantly altered in cortical neurons treated with neurotoxic A␤ 42 and neurons from a transgenic mouse model for AD, which resulted in an aberrant increase in cyclin D1 levels, leading to cell cycle reentry and apoptosis of neurons. We have also elucidated the mechanism via which TAp73 and miR-34a are deregulated, which results in cell cycle reentry and apoptosis.
MATERIALS AND METHODS
Materials. (i) Antibodies. Antibodies against the following were used for the described studies: cyclin D1 (sc-753; 1:500), PCNA (sc-56; 1:500), phospho-ERK (sc-7383; 1:500), ERK (sc-94; 1:1,000), p73 (Sc-9651, 1:500), ubiquitin (sc-8017; 1:1,000), actin (sc-47778; 1:1,000), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; sc-25778; 1:1,000) (all from Santa Cruz Biotechnology, Santa Cruz, CA) and cleaved caspase 3 (9661; 1:500; Cell Signaling, Beverly, MA), green fluorescent protein (GFP; 2555; 1:1,000; Cell Signaling), and 5-bromo-2=-deoxyuridine (BrdU; RPN202; GE Healthcare Biosciences, Piscataway, NJ).
(ii) miRNA, anti-miR, and small interfering RNA (siRNA). (a) miR34a mimic and antagomir. A miR-34a mimic (mirVana miRNA mimic; catalog no. 4464066) or antagomir34a (mirVana miRNA inhibitor; catalog no. 4464084) were from Ambion, USA. miRNA Control miRNA (Ctrl_miR) for miR-34a (mirVana miRNA mimic, negative control no. 1; catalog no. 4464058) and for anti-miR-34a (Ctrl_anti) (mirVana miRNA inhibitor, negative control no. 1; catalog no. 4464076) was used as a control.
(b) siRNA against cyclin D1. For cyclin D1 knockdown, siRNA duplexes were designed and custom synthesized from Dharmacon, USA. Sequences were as follows: cyclin D1 siRNA, 5= GCGAGGAGCAGAAGU GCGAUG 3=, and scrambled siRNA (ctrl_siRNA), 5= GCGAGGAGAAG CAGUGCGAUG 3=.
(iii) Plasmid DNA constructs. (a) Cyclin D1 3= UTR. Using three computer-aided algorithms, including Target Scan, miRanda, and PicTar, cyclin D1 was identified as a possible target of miR-34a in humans, rats, and mice. The miR-34a target sites were predicted based on base-pairing seed sequence matches. Briefly, a 1,143-bp fragment of the cyclin D1 3= untranslated region (UTR) containing the putative miR-34a binding site was amplified from rat mRNA by reverse transcription-PCR (RT-PCR) and cloned into the XhoI and NotI sites of the psiCheck2 vector upstream of the Renilla luciferase gene using the following primers: Cyclin D1 UTR_F, ctcgagGAGAGCCATCCAAACTGAGG, and Cyclin D1 UTR_R, gcggccgcCCAGAATACACAAAGCCAACC. Restriction sites for XhoI and NotI are indicated by lowercase letters.
The mutant of the miR-34a binding site was generated by overlapping PCR, which was performed using the following primers: Cyclin D1 Mut UTR_F, CAATGTCATAAGTACCTCTGTTCAAGTTTTAATTTCCTC GTAG, and Cyclin D1 Mut UTR_R, CTACGAGGAAATTAAAACTTGA ACAGAGGTACTTATGACATTG (sequences corresponding to the mutation are underlined).
(b) miR-34a promoter. The pGL3Basic vector harboring the 2-kb promoter region of hsa-miR-34a (miR-34a-Prom-Luc) and its mutant were kindly provided by M. Oren (The Weizmann Institute, Israel). The putative p53/p73 binding site (5=-GGGCTTGCCTGGGCTTGTTC-3=) was mutated (to 5=-GGGtTaaCCTGGGtTTGTTC-3=) to abolish p53/p73 binding. Mutated nucleotides are indicated by lowercase letters.
(iv) Alzheimer's disease mouse model. The amyloid-␤ precursor protein/presenilin 1 (APP/PS1) transgenic mouse model (APP/PS1 Tg) for AD [strain name B6C3-Tg(APPswe,PSEN1dE9)85Dbo/J; stock number 004462] maintained by The Jackson Laboratory was gifted by National Brain Research Centre, Manesar, India, to National Institute of Immunology, New Delhi, India. These mice are doubly transgenic for APP and PS1, as they express a chimeric mouse/human amyloid-␤ precursor protein containing the K595N/M596L Swedish mutations and a mutant human presenilin 1 carrying the exon 9 deletion variant under the control of mouse prion promoter elements, directing transgene expression predominantly to central nervous system neurons (29, 30) . The transgenic mice were genotyped by PCR analysis of genomic DNA from tail biopsy specimens.
Cell culture. For cortical neuronal culture from Sprague-Dawley rats or APP/PS1 transgenic AD mice, a previously published protocol (12) was followed. Briefly, after cortical regions of embryonic day 18 (E18) rat or E16 mouse embryos were dissected, the tissue was treated with trypsinDNase solution until the cell mass dissociated and the solution became turbid. Excess serum-containing medium (SCM) was quickly added to the cells to stop trypsinization, and the cells were centrifuged at 500 ϫ g for 5 min at 25°C. Subsequently, cells were plated on poly-L-lysine-coated 6-well tissue culture plates. After 12 h, cells were washed with prewarmed Tyrode's calcium-and magnesium-free (CMF) phosphate buffered saline (PBS) supplemented with glucose and NaHCO 3 and were maintained in serum-free medium (SFM) containing B27 and N2 supplements, 1ϫ penicillin-streptomycin, L-glutamine, and glucose in a CO 2 incubator maintaining 5% CO 2 levels.
SH-SY5Y cells were maintained in Dulbecco modified Eagle medium (DMEM) plus 10% fetal bovine serum (FBS). For differentiation, cells were cultured in DMEM plus 3% FBS and treated with 10 M transretinoic acid (RA) for the desired time.
All experiments were performed in accordance with the guidelines for animal experiments of the Institutional Animal Ethical Committee of the National Institute of Immunology.
miRNA and siRNA transfections and treatment. Typically, cortical neurons or SH-SY5Y cells were transfected with 100 nM miR-34a mimic or anti-miR-34a or 100 pmol of siRNA by using Lipofectamine 2000 (Invitrogen, USA) as per the manufacturer's instructions for siRNA transfection. Three hours after transfection, medium was changed to serum-free growth medium supplemented with B27 and N2, and cells were allowed to remain in this medium for 12 h. Subsequently, cultures were moved to serum-free medium supplemented with B27 and N2, and desired treatments were started for 48 h unless indicated otherwise. Adenovirus for GFP (control), cyclin D1 (12), or human TAp73␣ (gifted by Sanjeev Das, NII) was used to overexpress these proteins. A␤ (R-peptide) was used to prepare soluble oligomers of A␤ 42 as described previously (12, 31) . Unless indicated otherwise, cortical neurons were typically treated with a 0.5 M concentration of the soluble oligomeric form of A␤ 42 for 48 h to induce CRNA.
Real-time PCR for microRNA expression. RNA isolation was performed by using an miRNeasy minikit (Qiagen) or by using TRIzol. Realtime PCR was performed in a Mastercycler RealPlex machine (Eppendorf). Quantitative RT-PCR (qRT-PCR) for microRNA was performed by using a TaqMan microRNA assay kit. Typically, ϳ500 ng of total RNA was reverse transcribed using a TaqMan microRNA RT kit (Applied Biosystems) and microRNA-specific stem-loop RT primers provided in the TaqMan microRNA assay kit. Briefly, following the RT step, 1.33 l of the RT reaction product was combined with 1 l of a TaqMan microRNA assay (20ϫ; forward primer, reverse primer, and probe, Applied Biosystems, catalog no. 4427975, hsa-miR-34a assay no. 000426, or RNU6B assay no. 001093) and 10 l of TaqMan universal PCR master mix, No AmpErase UNG, in a 20-l final volume. The expression of miRNA was defined on the basis of threshold cycle (C T ), and the relative expression levels were determined by ⌬⌬C T after normalization with RNU6B.
Immunoblotting. Cells were washed with PBS and scraped in cold lysis buffer (10% glycerol, 50 mM Tris HCl [pH 7.6], 150 mM NaCl, 1 mM MgCl 2 , 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM sodium orthovanadate, 20 mM ␤-glycerophosphate, and 1ϫ protease inhibitor cocktail) on ice. Immunoblotting was performed as described previously (12) using primary antibodies and horseradish peroxidase (HRP)-labeled secondary antibodies. The immunoreactive proteins were detected using an ECL Super Signal west Pico or west Dura kit (Pierce) on X-ray film.
Immunoprecipitation. Fifty to 70 g of protein lysate was used to immunoprecipitate TAp73 and incubated with ϳ1 g of anti TAp73 an-tibody for 12 h at 4°C. Subsequently, 50 l of protein AϩG-Sepharose (Amersham Biosciences) was incubated with the antibody-protein complex for 4 to 6 h at 4°C. The beads were washed and resuspended in cold lysis buffer, and immunoblotting was performed by using antiubiquitin antibody.
Luciferase reporter assays for the cyclin D1 3= UTR and miR-34a promoter. The cyclin D1 3= UTR was cloned downstream of the Renilla luciferase gene in psiCheck2 plasmid, which also contains a synthetic firefly luciferase gene that serves as a transfection control. A miR-34a promoter-luciferase construct (see above for details) or its mutant plasmid was cotransfected with expression plasmid for ␤-galactosidase, which was used for normalization. The transfections were performed using Lipofectamine 2000, cells were harvested after 48 h, and luciferase activity was measured with a dual-luciferase reporter assay kit (Promega, Madison, WI) in the case of cyclin D1 3= UTR transfection. ␤-Galactosidase activity was estimated by using o-nitrophenyl-␤-D-galactopyranoside (ONPG) as the substrate, and the formation of a chromogenic substance was determined by measuring absorbance at 420 nm. The luciferase activity driven by miR-34a promoter was normalized with respect to ␤-galactosidase activity.
BrdU incorporation and TUNEL assay. 5-Bromo-2=-deoxyuridine (BrdU) labeling and terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assay were performed simultaneously to detect DNA replication and cell death as described previously (12) . Anti-BrdU antibody (GE) and Hoechst 33342 were used to detect incorporated BrdU and stain the nuclei, respectively. Cells were visualized using a Zeiss AxioImager microscope equipped with an MRm camera, Axiovision software was used for image acquisition and manipulation, and Adobe Photoshop was used for preparing images for illustrations. The BrdU-and TUNEL-stained cells were counted, and the percentage of total cells that were identified by 4=,6-diamidino-2-phenylindole (DAPI) staining was determined.
Image and statistical analysis. The densitometry analysis of desired bands in Western blots was performed by using ImageJ (NIH) software. The signal intensity of the loading control (GAPDH/actin) was used for normalization. Unless indicated otherwise, one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls (SNK) test was used for statistical analysis using Prism software (GraphPad Software Inc., USA). Data are presented as means Ϯ standard errors of the means (SEM) from three independent experiments unless indicated otherwise. A P value of Ͻ0.05 was taken as statistically significant.
RESULTS
miR-34a suppresses the neuronal cell cycle and may promote differentiation by targeting cyclin D1. Cyclin D1, which is expressed in very small amounts in terminally differentiated neurons, is elevated in response to neurotoxic stimuli, contributing to the process of CRNA (12, 18) . In addition, cyclin D1 is aberrantly expressed in patients with mild cognitive impairment and AD (11) . However, it has remained unclear how cyclin D1 levels remain suppressed in differentiated neurons. We investigated the possibility of the involvement of miRNA-mediated regulation of cyclin D1 in the neuronal cell cycle. In silico analysis was performed using Targetscan, Miranda, and Pictar to identify putative miRNAs that may target the 3= UTR of cyclin D1. While several candidate miRNAs emerged from these studies as putative effectors of cyclin D1 (P. K. Modi and P. Sharma, unpublished results), miR-34a was an attractive putative candidate, as it is expressed in the brain and is elevated during neuronal differentiation (26) .
We first tested if miR-34a targets cyclin D1 in neurons. A luciferase reporter plasmid which contained the 3= UTR of cyclin D1 was constructed. Overexpression of miR-34a suppressed expression of luciferase fused to the cyclin D1 3= UTR in cortical neurons (Fig. 1A) . In contrast, in the case of a mutant 3= UTR in which the miR-34a target site was altered, luciferase activity remained almost unchanged. Importantly, an antagomir of miR-34a (antimiR-34a) caused a significant increase in cyclin D1 ( Fig. 1B ; see also Fig . S1B in the supplemental material). Since cyclin D1 is expressed at very low levels in terminally differentiated neurons, this result suggests that miR-34a may be critical in repressing cyclin D1 expression. Collectively, these data suggested that miR34a targets cyclin D1 in neurons.
Next, we investigated the role of miR-34a in the neuronal cell cycle and CRNA in light of the above-described findings. The expression of miR-34a significantly increased during differentiation of cortical neurons derived from E18 rat embryos, reaching its peak 5 to 7 days in vitro (DIV) (25; P. K. Modi, S. Jaiswal, and P. Sharma, unpublished results). Retinoic acid-mediated differentiation of SH-SY5Y neuroblastoma cells caused a similar increase in miR-34a (Fig. 1C) , which was consistent with previous studies (26) . RA caused a significant decrease in cyclin D1 (Fig. 1D , lane 1 versus lane 2). Transfection of anti-miR-34a prevented this decrease in cyclin D1 mediated by RA, suggesting that miR-34a may target it during neuronal differentiation (lane 3 versus lane 1).
FIG 1 miR-34a targets cyclin D1 in neurons and promotes neuronal differ-
entiation. (A) Rat (shown here), mouse, and human cyclin D1 3= UTR has a region which exhibits complementarity to miR-34a seed sequence (underlined). Rat cortical neurons were transfected with the cyclin D1 3= UTR or its mutant reporter plasmid along with miR-34a or a control miRNA (Ctrl_miR). Cell lysates were prepared after 48 h, and luciferase activity assays were performed. Fold changes in activity upon transfection with miR-34a are illustrated (*, P Ͻ 0.05, ANOVA; n ϭ 3). (B) Rat cortical neurons were transfected with anti-miR-34a or control antagomir (Ctrl_anti). Cell lysates were prepared, and Western blotting for cyclin D1 was performed. GAPDH was used as a loading control. (C) SH-SY5Y cells were allowed to differentiate for 6 days using RA, and RNA was isolated at the indicated time points. Expression of miR-34a was quantified by qRT-PCR and is represented as fold change in miR-34a expression with respect to its levels at day 0 of RA treatment. (D) SH-SY5Y cells were transfected with anti-miR-34a or Ctrl_anti and were either left untreated (lanes 2 and 4) or treated with RA. After 72 h, lysates were prepared, followed by Western blotting with the indicated antibodies.
Furthermore, RA treatment resulted in a significant decrease in PCNA, a cell cycle marker. Anti-miR-34a significantly reversed the decrease in PCNA levels (Fig. 1D, lane 3 versus lane 1) . Collectively, these findings suggested that miR-34a is important for suppression of the neuronal cell cycle, and it may achieve this by preventing cyclin D1 expression.
miR-34a promotes suppression of the neuronal cell cycle. To investigate the role of miR-34a in terminally differentiated neurons, cortical neurons were transfected with miR-34a/anti-miR34a, followed by BrdU incorporation and TUNEL assays to detect DNA replication and apoptosis, respectively. A significant increase in BrdU ϩ /TUNEL ϩ neurons was observed upon anti-miR34a treatment, which was indicative of cell cycle reentry and apoptosis ( Fig. 2A) . Anti-miR-34a caused an aberrant increase in cyclin D1 expression, which was accompanied by an increase in PCNA as well as cleaved caspase 3 levels ( Fig. 2B ; see also Fig. S1B in the supplemental material). Importantly, when cyclin D1 siRNA was cotransfected with anti-miR-34a, the increase in PCNA and caspase 3 was reversed. These data strongly indicated that miR34a may suppress the neuronal cell cycle by preventing cyclin D1 expression. In contrast, when miR-34a was overexpressed, an increase was mainly observed in TUNEL ϩ and not BrdU ϩ cells (Fig.  2A) . These data highlight the importance of optimal expression of miR-34a in neurons, as either an increase or decrease in its levels seems to cause apoptosis, albeit via different mechanisms.
A␤ 42 deregulates miR-34a in cortical neurons. A␤ 42 -mediated neurotoxicity is one of the major causes for AD pathogenesis (32) . A␤ 42 is known to cause aberrant cell cycle reentry of cortical neurons, which is also a feature of AD animal models (13, 33) and is also detectable in the brains of AD patients (11). Since we found miR-34a to promote neuronal differentiation by preventing cell cycle entry of neurons (Fig. 2) , we investigated its role in A␤ 42 -mediated CRNA. The treatment of cortical neurons with A␤ 42 initially caused an increase in miR-34a expression, followed by a significant decline after 24 to 48 h of treatment (Fig. 3A) . In contrast to miR-34a, the levels of miR-34c, which also belongs to the miR-34 family, did not change significantly (Fig. 3B) . In addition, a control peptide, A␤ 42-1 , which possesses the sequence reverse of A␤ 42 did not inhibit miR-34a expression (see Fig. S2 in the supplemental material).
Given the observed regulation of cyclin D1 by miR-34a, we first tested if A␤ 42 -mediated repression of miR-34a impacts cyclin D1 expression. A␤ 42 caused a significant increase in the activity of luciferase fused to the cyclin D1 3= UTR but not its miR-34a-resistant mutant, and miR-34a overexpression blocked this increase (Fig. 3C) . Importantly, overexpression of miR-34a significantly reversed the A␤ 42 -mediated increase in cyclin D1 protein (Fig. 3D, lane 3 versus lane 2) . Collectively, these data suggested that A␤ 42 -mediated downregulation of miR-34a results in aberrant cyclin D1 expression.
Deregulation of miR-34a caused by A␤ 42 results in CRNA. Next, we tested if downregulation of miR-34a has a bearing on neuronal cell cycle and death. While A␤ 42 treatment led to an increase in BrdU ϩ TUNEL ϩ cells, miR-34a overexpression caused a significant decrease in population of these cells (Fig. 4A) . These data suggested that miR-34a may protect neurons from apoptosis occurring as a result of cell cycle reentry. Furthermore, miR-34a overexpression also prevented the A␤ 42 -mediated increase in both PCNA and cleaved caspase 3 ( (Fig. 4A) . In contrast, when miR-34a was overexpressed in the absence of A␤ 42 treatment, cleaved caspase 3 and not PCNA was elevated (Fig. 4B , lane 5; see also Fig. S1A and S3A) . Consistent with this, as described above, miR-34a overexpression caused an increase mainly in TUNEL ϩ cells (Fig. 2A) . These observations highlighted the necessity of miR-34a expression to be optimal in neurons to protect them from apoptosis; its reduced levels cause apoptosis by promoting cell cycle reentry, whereas its overexpression promotes "typical" apoptosis which is largely independent of the cell cycle (see Discussion).
We further tested if the observed neuroprotective effects of miR-34a were a result of its ability to target cyclin D1. A␤ 42 caused an expected increase in PCNA and caspase 3 levels in the presence of a control GFP adenovirus, which was prevented upon overexpression of miR-34a (Fig. 4C , lane 3 versus lane 2; see also Fig. S3B in the supplemental material). When cyclin D1 adenovirus was used, miR-34a failed to prevent CRNA caused by A␤ 42 treatment (Fig. 4C , lane 4 versus lane 3; see also Fig. S3B ), which confirmed that the observed reversal of CRNA may be a result of miR-34a-mediated downregulation of cyclin D1. Collectively, these data suggested that downregulation of miR-34a by A␤ 42 may lead to enhanced expression of cyclin D1, which triggers cell cycle reentry, resulting in neuronal apoptosis. miR-34a is deregulated in APP/PS1 Tg mice, which may result in cell cycle reentry and neuronal apoptosis. Cell cycle reentry of neurons has been observed in various AD mouse models and postmortem brains of MCI and AD patients (11, 33) . Therefore, we investigated the regulation of miR-34a in a transgenic mouse for 48 h, and qRT-PCR was performed to determine the expression of miR-34a and miR-34c. Data are means Ϯ SEM (***, P Ͻ 0.001, t test; n ϭ 6). However, miR-34c remained almost unchanged after A␤ 42 treatment. (C) Rat cortical neurons were transfected with the cyclin D1 3= UTR or its mutant reporter plasmid along with miR-34a or Ctrl_miR and treated with A␤ 42 for 48 h. Cell lysates were prepared, luciferase activity assays were performed, and fold change in activity with respect to Ctrl_miR-transfected cells was determined (*, P Ͻ 0.05, ANOVA; n ϭ 3). (D) Rat cortical neurons were transfected with miR-34a or Ctrl_miR and treated with A␤ 42 as indicated. Cell lysates were prepared after 48 h, and Western blotting for cyclin D1 was performed; ␤-actin was used as a loading control. model for AD. Since APP and PS1 mutants associated with AD are expressed in these animals (APP/PS1 Tg), it results in enhanced A␤ 42 production (29) and causes aberrant cell cycle reentry in aging or adult animals (13, 33) . First, the expression of miR-34a in mouse cortex was determined at various stages of development. The levels of miR-34a in wild-type (WT) mouse cortex altered only modestly during development. In contrast, miR-34a expression increased significantly until 6 months, followed by a decrease, which was significantly lower than in the WT animals aged more than 12 months (Fig. 5A) . The levels of expression of cyclin D1 and PCNA were also compared during development: while cyclin D1 and PCNA were detected at E16, there was almost no difference in the expression of cell cycle proteins at this stage in the cortices of WT and APP/PS1 Tg mice (Fig. 5B) . However, an increase was observed in the expression of these proteins at postnatal day 10 (P10), which further enhanced during development of the adult Tg animal. It was interesting to note that the maximum increase in the PCNA in Tg cortex was observed in the adult brain (Ͼ6 months), which correlates well with reduced miR-34a expression in the adult animal.
Since miR-34a is likely to be expressed in nonneuronal brain cells, in order to work specifically with neuronal populations, cortical neurons from the AD mouse model were used to assess miR34a expression. qRT-PCR data suggested that miR-34a expression was significantly lower in APP/PS1 Tg neurons (Fig. 5C) . In addition, cyclin D1 expression was also higher in APP/PS1 Tg neurons, as was the case with PCNA and cleaved caspase 3, suggesting that cortical neurons of APP/PS1 Tg mice have a significantly higher propensity to undergo CRNA (Fig. 5D, lane 2) . Upon transfection of miR-34a in APP/PS1 Tg neurons, a significant reduction in cyclin D1 was observed, which was accompanied by a decrease in PCNA and cleaved caspase 3 and was indicative of reversal of CRNA (Fig. 5D) . It is important to note that overexpression of miR-34a caused elevation in cleaved caspase 3 in WT neurons but PCNA was not detectable in this case (Fig. 5D, lane 3) , which was consistent with results of the TUNEL labeling experiment whose results are shown in Fig. 2A . These data indicate that miR-34a expression may be critical for preventing aberrant cell cycle reentry of neurons of APP/PS1 Tg mice and may help explain cell cycle reentry and neuronal apoptosis in the brains of AD patients.
The loss of TAp73 deregulates miR-34a expression in neurons. p53 family member p73 has been implicated in neuronal differentiation and death (34) . TAp73 isoforms interact with a p53 binding site on the miR-34a promoter and regulate its expression (25) . We specifically evaluated the role of TAp73 in miR-34a biogenesis and CRNA by overexpressing TAp73␣. miR-34a promoter activity, which is inhibited in response to A␤ 42 , was restored upon TAp73␣ overexpression (see Fig. S6 in the supplemental material). Next, the effect of A␤ 42 on TAp73 was investigated. A time course experiment revealed that a slight increase in TAp73 protein levels was followed by a decrease after 24 to 48 h of A␤ 42 treatment (Fig. 6A) . Consistent with this, a similar decrease in TAp73 was Rat cortical neurons were transfected with miR-34a or Ctrl_miR and treated with A␤ 42 for 48 h. Cell lysates were prepared, followed by Western blotting with the indicated antibodies. (C) Rat cortical neurons were transfected with miR-34a or Ctrl_miR and infected with recombinant adenovirus to express cyclin D1 (Ad-cyc D1) or GFP alone (Ad-GFP), followed by treatment with A␤ 42 for 48 h. Western blotting was performed using antibodies against cyclin D1, PCNA, and cleaved caspase 3. GAPDH was used as a loading control. The change in expression of cyclin D1, PCNA, and cl_caspase 3 was quantified by densitometry (see Fig. S3B in the supplemental material).
observed in neurons of APP/PS1 Tg AD mice (Fig. 6B) . In addition, TAp73 was significantly lower in Ͼ12-month-old APP/PS1 Tg mice than in age-matched WT mice (see Fig. S5B in the supplemental material). The decrease in TAp73 expression correlates well with the loss of miR-34a in A␤ 42 -treated neurons or neurons from APP/PS1 Tg mice (Fig. 3A and 5C ). Since almost no change in the TAp73 transcript was observed (data not shown), its regulation via posttranslational mechanisms was investigated. The loss of TAp73 upon A␤ 42 treatment was significantly reverted by proteasomal inhibitor MG132, indicating that A␤ 42 promotes proteasomal degradation of TAp73 (Fig. 6C) . A similar recovery of miR34a expression was observed when neurons were treated with MG132 (Fig. 6D) . To further ascertain if the loss of miR-34a was a result of TAp73 degradation, TAp73␣ was overexpressed, followed by A␤ 42 treatment. The downregulation of miR-34a promoter activity caused by A␤ 42 (see Fig. S6 in the supplemental material) and its expression (Fig. 6E) were significantly prevented by TAp73␣ overexpression. Importantly, the A␤ 42 -mediated increase of cyclin D1, which is targeted by miR-34a (Fig. 3D and 4C) , was prevented by TAp73␣ expression (Fig. 6F , lane 2 versus lane 5; see also Fig. S3C in the supplemental material) , and when antimiR-34a was coexpressed with TAp73␣, these effects were reversed (Fig. 6F , lane 4 versus lane 5; see also Fig. S3C) . Moreover, the increases in the levels of PCNA and cleaved caspase 3 were also reversed by TAp73␣ overexpression in an miR-34a-dependent manner ( Fig. 6F; see also Fig. S3C ). Collectively, these results strongly indicate that TAp73 may be a key player in the prevention of CRNA, as it regulates miR-34a expression. TAp73 degradation triggered by A␤ 42 attenuates miR-34a expression, which leads to cell cycle reentry and apoptosis.
TAp73 and miR-34a are negatively regulated by the MEK-ERK pathway. Given the observed deregulation of TAp73 and miR-34a by A␤ 42 , efforts were made to decipher the molecular events which may regulate this process. In this context, we investigated the role of the MEK-ERK pathway, as aberrant activation of this pathway by A␤ 42 causes cyclin D1 production, which leads to CRNA (12) . Prolonged A␤ 42 treatment caused hyperactivation of MEK-ERK, as suggested by elevated phospho-ERK levels (Fig.  7A , lane 2) (12), which was accompanied by a marked reduction in TAp73 expression (Fig. 7A, lane 2) . Strikingly, the MEK inhibitor U0126 prevented the loss of TAp73 (Fig. 7A, lane 4 versus lane 2) . Since proteasomal degradation can be either ubquitination dependent or independent, we investigated if TAp73 is ubiquitinated in response to A␤ 42 . For this purpose, TAp73 was immunoprecipitated from cortical neurons, followed by Western blotting with ubiquitin antibody. A marked increase in ubiquitination of TAp73 was observed following A␤ 42 treatment, which was significantly prevented upon addition of U0126 (Fig. 7C) . These results correlated well with the observed decrease in TAp73 upon A␤ 42 treatment in a MEK-ERK-dependent manner (Fig. 7A) . Consistent with this, U0126 significantly restored miR-34a expression (Fig. 7B ). These observations suggested that aberrant and sus- RNA was isolated and miR-34a expression was quantified by qRT-PCR. Fold change in miR-34a levels with respect to that in WT mice is illustrated. Data are expressed as means Ϯ SEM (**, P Ͻ 0.01, t test; n ϭ 4). (D) Cortical neurons were cultured from WT or Tg mice and transfected with miR-34a or Ctrl_miR. After 48 h, cell lysate was prepared and Western blotting was performed for cyclin D1, PCNA, and cleaved caspase 3. A significant increase in cyclin D1, PCNA, and cleaved caspase 3 in Tg neurons was observed, which was significantly reversed upon miR-34a overexpression.
tained MEK-ERK pathway activation promotes TAp73 degradation, resulting in attenuated miR-34a expression.
TAp73 degradation may contribute to the cyclin D1-mediated feedback loop, which is critical for sustained MEK-ERK activation and CRNA. Previous studies had indicated that cyclin D1 expression, which is triggered by MEK-ERK activation in response to A␤ 42 , engages in a positive feedback loop resulting in sustained and aberrant activation of the MEK-ERK pathway (12) . Therefore, it was worth exploring if TAp73 and miR-34a participated in the feedback loop axis, which may be needed for the feedback loop to be operational. To test this hypothesis, cyclin D1 was overexpressed in neurons, which resulted in further enhancement of phospho-ERK levels, as observed previously (Fig. 7E, lane  2) (12) . Importantly, a concomitant decrease in TAp73 was observed, which was prevented by U0126 (Fig. 7E, lane 2 versus lane  3) . These data indicated that TAp73 is degraded as a result of cyclin D1-mediated aberrant MEK-ERK activation. Furthermore, cyclin D1 overexpression caused a significant decrease in miR-34a levels, which was prevented by U0126 and correlated well with its observed regulation by TAp73 (Fig. 7D ).
These observations provide strong evidence for the role of the cyclin D1-mediated feedback loop in degradation of TAp73 and the loss of miR-34a, which causes sustained activation of the MEK-ERK pathway, promotes reentry of neurons into the cell cycle, and may lead to their death (Fig. 7F ).
DISCUSSION
We demonstrate that miR-34a suppresses the neuronal cell cycle via its ability to target cyclin D1. Previously, miR-34a was shown to target cyclin D1 in A459 cells, but its role in the neuronal cell cycle was not understood (35) . It is indeed possible that miR-34a targets multiple cell cycle genes in neurons, but since cyclin D1 production is one of the first steps in cell cycle reentry, its downregulation by miR-34a is crucial for prevention of CRNA. As reported previously (26), we found that the differentiation of rat cortical neurons and SH-SY5Y cells is accompanied by an increase in miR-34a expression. We found that anti-miR-34a prevents neuronal differentiation, as evidenced by an increase in S-phase cells and elevated cyclin D1 expression. Moreover, when miR-34a was knocked down in differentiated cortical neurons, a significant increase in cell cycle reentry and apoptosis was observed. Interestingly, overexpression of miR-34a (Ͼ100 nM) also caused apoptosis, as noted previously (36, 37) , but it did not trigger the cell cycle. In this case, apoptosis was probably mediated by the conventional pathway, possibly by preventing the expression of apoptosis/survival-related proteins like Bcl2, which is an established target of miR-34a (36) . Consistent with these studies, we detected a significant decrease in Bcl2 upon miR-34a overexpression (Modi and Sharma, unpublished) . These data highlighted the necessity of tight regulation of miR-34a in neurons.
TAp73 was recently demonstrated to regulate miR-34a expression during neuronal differentiation (26) , and the knockdown of miR-34a caused defects in neurite outgrowth (26) . However, direct effects of miR-34a on the neuronal cell cycle were not analyzed previously. While miR-34a may regulate multiple processes in neurons via diverse targets, it is reasonable to state on the basis of present studies that the suppression of the cell cycle by deregulating cyclin D1 may be one of its major functions. Collectively, these findings suggest that miR-34a may regulate multiple processes in neurons via diverse targets. Present studies suggest that the suppression of the cell cycle by targeting cyclin D1 may be one of its key functions.
Soluble oligomers of A␤ 42 , which is generated as a result of aberrant cleavage of amyloid precursor protein (APP) (32), cause cell cycle reentry and neuronal apoptosis (12, 13) . Since the cell cycle machinery undergoes reprogramming in response to A␤ 42 , we hypothesized that those molecular events which lead to neuronal differentiation may be altered when neurons encounter neurotoxic insults and may cause unscheduled cell cycle reentry and apoptosis. For instance, the expression of cyclin D1, which was suppressed during neuronal differentiation (Fig. 1D) , was upregulated in response to A␤ 42 (Fig. 4B ) (12) and was significantly higher in 6-to 12-month-old transgenic AD mice (13) . A␤ 42 -induced aberrant activation of the MEK-ERK pathway results in CRNA (12) , which is caused by a dramatic increase in cyclin D1. peptide for 48 h with dimethyl sulfoxide (DMSO) or 10 M U0126 in the presence or absence of 10 M MG132, followed by Western blotting with the indicated antibodies. (B) Cortical neurons were treated with A␤ 42 peptide for 48 h with DMSO or 10 M U0126, followed by qRT-PCR for miR-34a. A␤ 42 treatment led to a significant decrease in miR-34a levels, which was restored by U0126. Data represent means Ϯ SEM of four independent experiments (*, P Ͻ 0.05, ANOVA; n ϭ 4). (C) Rat cortical neurons were treated with A␤ 42 in the presence or absence of U0126. After 48 h, protein lysates were prepared and immunoprecipitation (IP) was performed using anti-TAp73 antibody, followed by Western blotting (WB) using antiubiquitin antibody. Western blotting was also performed on total cell lysate with the indicated antibodies. (D and E) Rat cortical neurons were infected with cyclin D1 or GFP adenovirus, followed by U0126 treatment. Western blotting was performed with the indicated antibodies (E), and qRT-PCR was performed to measure miR-34a (D). Data are means Ϯ SEM (*, P Ͻ 0.05 by ANOVA; n ϭ 3). (F) Molecular mechanism via which miR-34a may regulate neuronal cell cycle suppression and cell cycle reentry. Present studies demonstrate that TAp73 drives the expression of miR-34a, which is necessary for neuronal differentiation and keeps the neuronal cell cycle suppressed (a), by preventing cyclin D1 expression. Neurotoxic insults like A␤ 42 cause aberrant activation of the MEK-ERK pathway and result in TAp73 degradation and miR-34a repression. As a result, cyclin D1 expression is elevated, which feeds back positively into this pathway, contributing to CRNA (b).
